Numerous studies of cluster formation and dissociation have been conducted to determine properties of matter in the transition from the condensed phase to the gas phase using materials as diverse as atomic nuclei, noble gasses, metal clusters, and amino acids. Here, electrospray ionization is used to extend the study of cluster dissociation to peptides including leucine enkephalin with 7-19 monomer units and 2-5 protons, and somatostatin with 5 monomer units and 4 protons under conditions where its intramolecular disulfide bond is either oxidized or reduced. Evaporation of neutral monomers and charge separation by cluster fission are the competing dissociation pathways of both peptides. The dominant fission product for all leucine enkephalin clusters studied is a proton-bound dimer, presumably due to the high gas-phase stability of this species. The branching ratio of the fission and evaporation processes for leucine enkephalin clusters appears to be determined by the value of z 2 /n for the cluster where z is the charge and n the number of monomer units in the cluster. Clusters with low and high values of z 2 /n dissociate primarily by evaporation and cluster fission respectively, with a sharp transition between dissociation primarily by evaporation and primarily by fission measured at a z 2 /n value of ϳ0.5. The dependence of the dissociation pathway of a cluster on z 2 /n is similar to the dissociation of atomic nuclei and multiply charged metal clusters indicating that leucine enkephalin peptide clusters exist in a state that is more disordered, and possibly fluid, rather than highly structured in the dissociative transition state. [17][18][19][20][21][22][23][24][25][26][27][28], and have studied their dissociation processes [18, 20, 26 -28]. Multiply charged "clusters" of proteins consisting of multimeric, noncovalently associated protein complexes with a high degree of solution-phase structural specificity have been liberated into the gas phase [29 -35]. From a simple mass measurement, the stoichiometry of the complex can be determined. There has also been much interest in determining if structural information can be inferred from gas-phase dissociation of the complexes [30, 33, 35, 36].
B
ulk properties of matter and the properties of isolated gas-phase atoms and molecules can have radically different characteristics in terms of structure, work function, ion solvation, etc. (for a review see reference [1] ). One motivation behind cluster research is that the transitional characteristics between bulk and molecular properties can be discovered by studying intermediate states of matter. Investigators have explored a wide variety of materials, including charged droplets of various liquids [2, 3] , clusters of noble metals [4 -8] , metal-ligand clusters [1, 9 -11] , highly charged clusters of noble gasses [12, 13] , small molecules [14, 15] , and ultra-cold clusters of transition metals [16] . Recently, investigators have formed noncovalently bound clusters of biologically important molecules, including clusters of amino acids and small peptides [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , and have studied their dissociation processes [18, 20, 26 -28] . Multiply charged "clusters" of proteins consisting of multimeric, noncovalently associated protein complexes with a high degree of solution-phase structural specificity have been liberated into the gas phase [29 -35] . From a simple mass measurement, the stoichiometry of the complex can be determined. There has also been much interest in determining if structural information can be inferred from gas-phase dissociation of the complexes [30, 33, 35, 36] .
Gas-phase dissociation of a wide variety of clusters have been investigated [1-3, 5-8, 10 -16, 18 -20, 24, 26, 27, 30, 35-40] . In the case of multiply charged clusters, the two competing processes for dissociation are the evaporation of a neutral atom or molecule and the ejection of charged subunits. The latter occurs through a fission process in which the cluster dissociates into two or three charged fragments that then separate due to coulombic repulsion [41] . The competing processes of evaporation and fission have been described by various liquid-drop models for clusters as diverse as atomic nuclei [42] , multiply charged metal clusters [5, 6] , and highly charged solvent droplets [2, 3] . The recent development of femtosecond lasers capable of rapidly ionizing many molecules in atomic or molecular clusters has permitted access to another dissociation process whereby a cluster undergoes a coulombic explosion, resulting in the isotropic ejection of many charged fragments [12] [13] [14] [15] .
General characteristics of cluster dissociation are well illustrated by multiply charged metal clusters. Evidence for their dissociation was first observed by Sattler et al. who, by measuring the mass and charge of Pb, Xe, and NaI clusters, observed half-integer cluster numbers that were interpreted to be doubly charged clusters [4] . It was found that the cluster size necessary to support two charges is much higher for Xe than for Pb or NaI due to the much weaker intermolecular attraction in Xe. Doubly charged Au clusters containing 9 -17 atoms were isolated and collisionally activated by Saunders [5, 6] . These clusters were found to dissociate by competing mechanisms of neutral Au atom evaporation, and fission by the ejection of Au 3 ϩ and other products. Following collisional activation, larger Au clusters dissociate primarily by successive evaporation of neutral Au atoms while the smaller clusters, such as Au 10 2ϩ and Au 9 2ϩ , dissociate primarily through fission. Interestingly, the log of the ratio of the rates of fission to evaporation was found to vary linearly with z 2 /n, where z is the cluster charge and n is the number of gold atoms in the cluster. This behavior corresponds closely to nuclear fission [43] and led Saunders to suggest that a similar liquid-drop model used to describe nuclear fission would also describe metal cluster dissociation [5, 6] . Recent work on the dissociation of noble metal clusters has shown that neutral evaporation and trimer fission are also the primary dissociation pathways of larger Au clusters and other metals [7, 8] .
In contrast to the many cluster dissociation experiments that have been done with atoms and small molecules, only a few studies have been conducted with clusters of large, biologically relevant molecules. These have included studies of the dissociation and charge partitioning among the fragments of both homogeneous protein complexes that are biologically active in solution [29 -35, 44, 45] and proteins that are nonspecifically aggregated [36, 44] . Studies have also been conducted on clusters of smaller, biologically relevant molecules, and these have tended to focus on amino acids and small peptides. Amino acid and peptide clusters can be readily formed by electrospray ionization (ESI) and initial reports were concerned with clusters of monomers (M) of the form [M n ϩ nH] nϩ that appear at the same nominal m/z as the singly protonated monomer. These ions are indistinguishable in low resolution mass spectra from the monomer and larger clusters and could potentially complicate the interpretation of dissociation spectra [17, 19, 21, 23, 46] . While the formation of such highly charged molecular clusters by ESI is interesting in its own right and indicative of the gentle nature of the ESI process, the elucidation of dissociation pathways for clusters of the type [M n ϩ nH] nϩ is more complicated as the fragments are likely to be at the same m/z as the parent ion.
Some observations have been made of amino acid and peptide clusters formed by ESI of the type [M m ϩ nH] nϩ where m Ͼ n [18, 20, 22-28, 40, 47] . Much of this work has focused on octamers of the amino acid serine that have been found to form with a preference for homochirality [20, 22, [25] [26] [27] 48] ). Clusters of serine as large as [44Ser ϩ 4H] 4ϩ were isolated by Beauchamp and coworkers and collisionally activated in an ion trap mass spectrometer [20] . The cluster dissociation revealed that the large serine clusters dissociate by a combination of fission and evaporation, but the specific dissociation pathways are difficult to determine because the primary fragment ions of noncovalently bound complexes are often sufficiently activated to undergo subsequent dissociation. For example, although the activation of [30Ser ϩ 3H] 3ϩ was shown to produce a dissociation spectrum with fragments ranging in size from [23Ser ϩ 3H] 3ϩ to [29Ser ϩ 3H] 3ϩ [20] , it is not known whether the fragments are a result of sequential evaporation of single amino acids or if several dissociation pathways exist whereby different sizes of neutral serine clusters evaporate from the original cluster. Because the primary activation products are more likely to provide the most information about the structure of the initial cluster, it is important to distinguish between primary and secondary fragments. A useful technique for distinguishing between primary and secondary dissociation products is double resonance (DR).
DR was initially developed to identify chemically coupled processes in equilibrium experiments conducted in ion cyclotron resonance mass spectrometers [49] and was later adapted for Fourier-transform mass spectrometry [50] and other kinds of mass spectrometry [51] . DR experiments are done by applying an onresonance ejection waveform simultaneous with the dissociation event, with the aim of ejecting primary fragment ions before they undergo subsequent dissociation. If the ejection of an ion perturbs the abundance of another ion, it indicates that the second ion is formed by subsequent dissociation of the ejected ion and not directly from the activated precursor ion.
In this work, the dissociation pathways of multiply charged peptide clusters of leucine enkephalin and both oxidized and reduced somatostatin are elucidated using collisionally activated dissociation and DR. The effects of cluster size and charge on the dissociation pathways of leucine enkephalin clusters are compared with the dissociation of multiply charged metal clusters. To the authors' knowledge, this is the first application of DR to multiply charged cluster dissociation.
Experimental

Mass Spectrometry
The experiments were conducted on a 110 mm bore 9.4 T Fourier-transform mass spectrometer that was constructed in collaboration with Bruker Daltonics (Billerica, MA) (Figure 1 ). This instrument has been described elsewhere [36] . The ion optics and introduction
